1. Aβ [25] [26] [27] [28] [29][30][31][32][33][34][35] slightly induced autophagy, but strongly induced ER stress and apoptosis in murine cells (HT-22 cell lines).
This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
Introduction
An accumulation of extracellular plaques of beta-amyloid (Aβ) is a major pathological feature of Alzheimer's disease (AD) [1] . However, the precise mechanism underlying AD pathogenesis and the detailed molecular process of Aβ toxicity remains to be clarified. It has been found that Endoplasmic reticulum (ER) stress is induced in postmortem brain samples from AD patients and presents in animal models [2, 3] . Aβ oligomers, which along with fibrils have been implicated as toxic forms of Aβ, have been found in intracellular compartments that can disturb proteasome and lysosome function, impair calcium homeostasis, and ultimately induce ER stress [4] . ER stress can activate two protein degradation pathways: the ubiquitin-proteasome pathway by endoplasmic reticulum associated protein degradation (ERAD), and the lysosomemediated protein degradation by autophagy [5] . When stimuli, for example misfolded or unfolded proteins, exceed the capacity of the ER, autophagy can be induced to alleviate ER stress. Consistently, defective autophagy is closely related to AD [6] . In addition, accumulation of Aβ oligomers on the mitochondrial membrane can cause the release of cytochrome C and trigger the caspase cascade, resulting in cell death and neurodegeneration [7] , and also, Aβ oligomers can increase glutamate concentrations which are clearly associated with enhanced neurodegeneration [8] . Thus, autophagy is necessary in nervous system to maintain the normal balance between generation and degradation of cellular proteins.
Erythropoietin-producing hepatocellular carcinoma (Eph) receptor and ephrin (efn) proteins, the largest family of receptor tyrosine kinases (RTKs) and corresponding ligands, are widely expressed in the nervous system and other tissues [9] . Eph/efn bidirectional signaling is involved in angiogenesis, axon guidance, synaptic function and plasticity in the hippocampus of the adult brain [10, 11] . Previous studies showed that high levels of Aβ in human amyloid precursor protein (hAPP) transgenic mice were accompanied by a decrease in EphB2 expression in the hippocampus [12] .
Overexpression of EphB2 can rescue cognitive impairments in hAPP transgenic mice and alleviate Aβ-induced hippocampal neuron apoptosis in vitro [13, 14] . EfnB2, the
ligand of EphB2 and EphA4, is primarily expressed in CA1 and CA3 and plays an important role in synapse plasticity in the hippocampus [15] . EfnB2 can also suppress human umbilical vein endothelial cell apoptosis, while another study suggests that it could mediate apoptosis in retinal neovascularization and in endothelial cells [16, 17] .
However, the functions of efnB2 in neurons are unknown.
Ephrin B2-Fc (efnB2-Fc), a recombination chimeric protein of ephrinB2 (efnB2), can only be used as ligand, and activate the forward signaling pathway. HT22 cells, a sub-line derived from parent HT4 cells that are originally immortalized from primary mouse hippocampal neuronal culture, possess functional cholinergic properties, and can be used as cholinergic neurons [18] . Here, we examined whether efnB2-Fc can prevent the Aβ-induced cytotoxicity, as well as the effects on Aβ-induced ER stress and autophagy-related pathways in HT22 cells. MHY1485, an agonist of mTOR, (MedChemExpress, USA) was dissolved in DMSO, the final concentration of DMSO used was 1 µL/mL for all test conditions. Retinoic acid, Hoechst33258, Annexin V, and the FITC detection kit were purchased from Sigma (USA). LDH assay kits were purchased from Jiancheng Bioengineering (Nanjing, China). Rabbit anti-CHOP, rabbit anti-eIF2α, rabbit anti-p-eIF2α, rabbit anti-Bip, rabbit anti-Akt, rabbit anti-p-Akt, rabbit anti-mTOR, rabbit anti-p-mTOR, rabbit anti-LC3Ⅰ, and rabbit anti-LC3Ⅱ antibodies were purchased from Sigma (USA). Rabbit anti-GAPDH and Fluorescent secondary antibody goat anti-rabbit antibodies were purchased from Abcam (UK).
Materials and methods

Materials
A C C E P T E D M A N U S C R I P T
Aβ25-35 preparation
Aβ25-35 solution was prepared as previously described [19] . Briefly, Aβ25-35 was dissolved in 2mM DMSO, diluted 1:10 in sterile PBS, mixed by vortex (30 min, 4ºC) and centrifuged (15000 g, 1h, 4ºC), and the aliquots of the supernatant were stored at -20ºC.
Cell culture
HT22 cells were cultured in DMEM/F12 containing basic fibroblast growth factor (bFGF), Glutamax I, 10% fetal bovine serum, and 1% penicillin/streptomycin for 2 weeks and then differentiated with 10 μM retinoic acid for 5 days.
Cell viability assay
The cells were seeded in 96-well plates and incubated with gradient concentrations of Aβ25-35 and (or) efnB2-Fc. Cell viability was measured by Methylthiazolyldiphenyltetrazolium bromide (MTT) assay. Briefly, MTT solution was added to cell culture medium at 0.5 mg/mL and incubated at 37℃ in darkness for 3 h. Next, the medium was removed and 100 μL DMSO added to solubilize the MTT, and the absorbance was measured at 570 nm by a microplate reader (Bio-rad, USA).
Measurement of lactate dehydrogenase (LDH)
Differentiated HT22 cells were incubated in 12-well plates with gradient concentrations of Aβ25-35 for 24 h, followed by centrifugation at 12,000 g for 15 min.
The culture medium was collected to measure the LDH levels following the instructions of the manufacturer. 
Cell apoptosis by nuclei staining
Annexin V/propidium iodide (PI) double-staining assay
Differentiated HT22 cells (1×10 6 ) were incubated with 50 ng/mL efnB2-Fc and (or) 10 μM of MHY1485 for 4 h and co-incubated with Aβ25-35 for 24 h, followed by two washes with cold PBS. Next, cells were stained with FITC conjugated annexin V and PI according to the manufacturer's instructions. Flow cytometric analysis (Thermofisher, USA) was performed immediately after staining.
Western blotting
Differentiated HT22 cells were seeded in 6-well plates and incubated with efnB2- observed using an Odyssey imaging system (LI-COR, USA).
Statistical analysis
All data were expressed as means ± SD and analyzed by one-way analysis of variance (ANOVA). Comparisons between two groups were performed using the T-test.
P< 0.05 was considered statistically significant.
Results
efnB2-Fc alleviates the Aβ25-35-induced reduction of differentiated HT22 cell viability
The results of cell viability showed that Aβ25-35 with concentrations below 10 μM exhibited no obvious toxicity to undifferentiated HT22 cells (Fig. 1A) . The results of cell viability and LDH levels showed that Aβ25-35 exhibited concentration-dependent cytotoxicity to differentiated HT22 cells from 1 μM to 80 μM (Fig. 1B and 1C) . Hence, we used 5 μM of Aβ25-35 (median concentration) in subsequent experiments.
The results also showed that efnB2-Fc was nontoxic to the cells within the range of 5 ng/mL to 200 ng/mL (Fig. 1D ). As indicated in Fig. 1E , efnB2-Fc alleviated Aβ25-35-induced toxicity in HT22 cells in a dose-dependent manner from 5 ng/mL to 200 ng/mL.
We therefore used 50 ng/mL of efnB2-Fc in subsequent experiments.
efnB2-Fc attenuates the Aβ25-35-induced apoptosis of differentiated HT22 cells
The results of apoptotic nuclei stained with hoechst 33258 showed that 4.2 ± 0.3% of the nuclei exhibited typical apoptotic features in the control group ( Fig. 2A, 2F ), while Aβ25-35 caused an increase in the condensed nuclei ratio to 28.2 ± 2.8% (Fig. 2B,   2F ). MHY1485, an agonist of mTOR, up-regulated the Aβ25-35-induced condensed nuclei ratio（39.6 ± 3.2%，Fig. 2C, 2F). However, efnB2-Fc decreased the apoptotic nuclei ratio to 13.6 ± 2.5% (Fig. 2D, 2F ), while MHY1485 partially abrogated the protective effect of efnB2-Fc in the cells, the ratio of apoptotic nuclei was 24.1 ± 2.2%
( Fig. 2E, 2F ).
The results of flow cytometry showed that the percentage of apoptotic cells in the control group was 3.64 ± 0.32% (Fig. 2G, 2L) , and Aβ25-35 induced an increase of the apoptotic cells ratio to 22.12 ± 3.13% (Fig. 2H, 2L ). In addition, MHY1485 upregulated Aβ25-35-induced cell apoptosis to the ratio of 34.43 ± 2.33% ( Fig. 2I and 2L ).
However, efnB2-Fc decreased the apoptotic cell ratio to 13.11 ± 1.98% (Fig. 2J, 2L ), and MHY1485 partially abrogated the protective effect of efnB2-Fc in the cells in the
group, and the ratio of the apoptotic cells was 17.88 ± 2.04% (Fig. 2K, 2L ).
efnB2-Fc alleviates Aβ25-35-induced ER stress in differentiated HT22 cells
The results of the expression of ER stress associated proteins indicated that Aβ25-35 increased CHOP, Bip, and p-eIF2α compared with the vehicle control in differentiated HT22 cells (P<0.01, Fig. 3A, 3B, 3C, and 3D) . However, efnB2-Fc significantly decreased these proteins compared with group treated with Aβ25-35 alone (P<0.01). In addition, compared with the Aβ25-35 and efnB2-Fc treated group, MHY1485
significantly promoted the expression of the proteins and partially abrogated the effect of efnB2-Fc on the expression of ER stress associated proteins (P<0.01). These data suggested that Aβ25-35 significantly promoted ER stress, efnB2-Fc alleviated ER stress, and MHY1485 partially abrogated the effect of efnB2-Fc on ER stress in differentiated HT22 cells.
efnB2-Fc promotes autophagy in differentiated HT22 cells
The results of the expression of autophagy associated proteins showed that Aβ25-35 significantly down-regulated the p-Akt (Fig. 4A and 4B ) and p-mTOR ( Fig. 4A and   4C ), and up-regulated the LC3Ⅱ level ( Fig. 4A and 4D ) to promote autophagy compared with the vehicle control (P<0.01). Moreover, efnB2-Fc significantly inhibited the expression of p-Akt ( Fig. 4A and 4B ) and p-mTOR ( Fig. 4A and 4C ) and increased the expression of LC3Ⅱ (Fig. 4A and 4D ) compared with the group treated with Aβ25-35 alone (P<0.01). Although MHY1485 abrogated the effect of efnB2-Fc on p-mTOR, it did not alter the effect on LC3Ⅱ (Fig. 4A and 4D ). These results suggested that Aβ25-35 induced autophagy, and efnB2-Fc promoted clearance of the misfolded protein by autophagy (e.g. Aβ25-35) via Akt/mTOR and other pathways in HT22 cells.
Discussion
In this study, we demonstrated that efnB2-Fc protects cells against Aβ25-35-induced ER stress and apoptosis in differentiated HT22 cells, and provided evidence suggesting
that efnB2 exerted its effects by promoting autophagy.
Aβ oligomers can localize to intracellular compartments, which might disrupt the functions of proteasomes and lysosomes and impair calcium homeostasis, and the disturbances in cellular homeostasis can elicit ER stress [20] . If the disruption is prolonged or overwhelming, an apoptosis program might be triggered by the ER.
Previous studies have shown that there are many indicators of ER stress in brains affected with AD, and Aβ can significantly induce the increase of the ER chaperone Bip and stress related proteins, such as ATF4, ATF6α, CHOP, unspliced XBP1 and spliced XBP1 [21] . In our experiment, Aβ25-35 significantly induced the apoptosis of differentiated HT22 cells and increased the expression of ER stress related proteins Bip, CHOP, and p-eIF2α.
Autophagy plays important role in cell fate and maintaining the balance between the formation and degradation of cellular proteins in the nervous system [22] , therefore, autophagy enhancement contribute to clearance of soluble misfolded proteins, and conversely, down-regulation of autophagy could render cells vulnerable to ER stress, eventually resulting in the cell death [23] . As the Akt/mTOR pathway is an important regulator of autophagy, we investigated mTOR activity and upstream molecules Akt, and the autophagy indicator molecule LC3Ⅱ. Our results showed that Aβ25-35 could significantly activate Akt/mTOR, enhance the level of LC3Ⅱ, and promote autophagy in HT22 cells.
Analysis of post mortem brains of human AD patients indicates that the activity of mTOR and two downstream molecules are increased compared to controls [24] . In addition, inhibition of mTOR signaling not only increases lifespan but also reverses pathological features in transgenic AD models [25, 26] . Nevertheless, our study and previous research suggest a more complex mechanism. When cells are exposed to high levels of Aβ oligomers, mTOR activity decreases significantly [27] . These differential responses suggest that modulation of the mTOR pathway could be dependent on the Aβ load.
Previous studies indicate decreased levels of EphB2 in Aβ1-42 oligomer-treated hippocampal neurons, and that EphB2 overexpression could alleviate the Aβ1-42
oligomer-induced neurotoxicity [28, 14] , which might result from the increased expression of synaptic NR1 and NR2B and higher levels of dephosphorylated p38
MAPK and phosphorylated CREB [14] . However, the study did not clarify the role of the EphB2/efnB2 signaling pathway. Our results showed that efnB2 inhibited Akt/mTOR signaling, promoted autophagy, and cleared misfolded proteins, and as a result alleviated the ER stress and attenuated cell injury and apoptosis, which might involve the inactivation of the Akt-mTOR signaling pathway and activation of autophagy. These findings are consistent with the observation that EphB2 overexpression alleviated Aβ1-42 oligomer-mediated neurotoxicity [14] . We speculated that the combination of efnB2 with EphB2 reduced the degradation of EphB induced by Aβ, or efnB2 played a role by acting in combination with EphA4. Future studies will be required to determine if the EphA4 and EphB2 are directly involved.
Overall, our study indicates that efnB2 alleviates Aβ-induced ER stress and neuron apoptosis, and promotes autophagy in murine cells in vitro. The mechanism involves inactivation of the Akt/mTOR signaling pathway and promotion of autophagy. This suggests that the efnB2 forward signaling pathway might function as an effective target for the Aβ-induced ER stress and apoptosis in AD. 
